[1] Water transported by slabs into the mantle at subduction zones plays key roles in tectonics, magmatism, fluid and volatiles fluxes, and most likely in the chemical evolution of the Earth's oceans and mantle. Yet, incorporation of water into oceanic plates before subduction is a poorly understood process. Several studies suggest that plates may acquire most water at subduction trenches because the ocean crust and uppermost mantle there are intensely faulted caused by bending and/or slab pull, and display anomalously low seismic velocities. The low velocities are interpreted to arise from a combination of fluid-filled fractures associated to normal faulting and mineral transformation by hydration. Mantle hydration by transformation of nominally dry peridotite to water-rich serpentinite could potentially create the largest fluid reservoir in slabs and is therefore the most relevant for the transport of water in the deep mantle. The depth of fracturing by normal-fault earthquakes is usually not well constrained, but could potentially create deep percolation paths for water that might hydrate up to tens of kilometers into the mantle, restrained only by serpentine stability. Yet, interpretation of deep intraplate mineral alteration remains speculative because active-source seismic experiments have sampled only the uppermost few kilometers of mantle, leaving the depth-extent of anomalous velocities and their relation to faulting unconstrained. Here we use a joint inversion of activesource seismic data, and both local and regional earthquakes to map the three dimensional distribution of anomalous velocities under a seismic network deployed at the trench seafloor. We found that anomalous velocities are restrained to the depth of normal-fault micro-earthquake activity recorded in the network, and are considerably shallower than either the rupture depth of teleseismic, normal-fault earthquakes, or the limit of serpentine stability. Extensional micro-earthquakes indicate that each fault in the region slips every 2-3 months which may facilitate regular water percolation. Deeper, teleseismic earthquakes are comparatively infrequent, and possibly do not cause significant fracturing that remains open long enough to promote alteration detectable with our seismic study. Our results show that the stability field of serpentine does not constrain the depth of potential mantle hydration.
Introduction
[2] At subduction zones, incoming oceanic plates bend into the deep sea trench and deform internally by brittle failure in the upper tens of km, depending mainly on plate age. Following Chapple and Forsyth [1979] bending of the oceanic lithosphere can be described as the flexure of a thin elasticperfectly plastic plate, which leads to a tensional regime at the top of the plate, grading into a compressional one at the bottom.
[3] The intraplate earthquakes occurring in the trench-outer rise region are the consequence of stresses due to plate flexure and their interaction with slab pull forces. [4] This conceptual framework is supported by global compilations of earthquake mechanisms based on waveform inversion, indicating that normal faulting events occur in the uppermost $25 km of the bending lithosphere and compressional fault behavior dominates at greater depth [e.g., Seno and Gonzalez, 1987; Seno and Yamanaka, 1996] . [5] This observation is corroborated by the fact that bathymetric surveys of outer rise and trench areas have imaged a pervasively fractured lithosphere [Masson, 1991; Kobayashi et al., 1998; Ranero et al., 2003 Ranero et al., , 2005 . Offshore Nicaragua, faulting and fault growth from the outer rise to the trench axis generate a prominent stairway-like seafloor relief of half grabens (Figure 1 ). Seismic reflection images of faults indicate that they may cut 10 to 15 km below reflections from the base of the crust into the upper mantle [Ranero et al., 2003] . [6] It has been proposed that such faulting in the trench-outer rise provides a pathway for fluids, which penetrate through the crust into the uppermost mantle and there react with the cold lithospheric material [Peacock, 2001; Ranero et al., 2003] , changing "water-poor" peridotite to "waterrich" serpentinite [Peacock, 2001 [Peacock, , 2004 ] containing up to 13 wt% of chemically bound water. A wealth of subduction zone processes possibly depend on water carried within the slab. For example, dehydration of the slab may trigger intermediate-depths earthquakes [Raleigh and Paterson, 1965; Meade and Jeanloz, 1991] and melting of the mantle wedge under volcanic arcs [Rüpke et al., 2004] . [7] There is a consensus that water carried in the subducting plate is trapped as free water in porous sediments and void spaces in the igneous crust, and chemically bound in sediment and alteration products in the upper igneous crust [Staudigel et al., 1996; Jarrad, 2003] . The role of serpentinite as a volumetrically important transport media of water into the slab has only more recently been proposed [Ranero et al., 2003; Ranero and Sallares, 2004] . Evidence for low P wave velocities of the uppermost mantle that may indicate serpentinization comes from seismic wide-angle reflection and refraction data, collected across several subduction trenches [Ranero and Sallares, 2004; Grevemeyer et al., 2007; Ivandic et al., 2008; Contreras-Reyes et al., 2007; van Avendonk et al., 2011] . Reduced mantle velocity has been mapped especially in the region of the incoming plate approximately 50 km seawards from the trench axis, where plate bending is strongest. Here, mantle velocities are about 5-7% lower than typical values for the oceanic mantle. Such reduced velocities are best explained by a fractured and altered (serpentinized) mantle. However, due to the mantle velocity structure, active source seismic data have provided information only of the uppermost 3-5 km of the mantle, while bending-related faults and teleseismic earthquakes in the region cut down to greater depths [Ranero et al., 2003; Lefeldt and Grevemeyer, 2008] . [8] In this study, we use a joint inversion of activesource seismic data, and both local and regional earthquakes recorded on a network in the trench seafloor to map in three dimensions and for the first time the depth extent of anomalous oceanic mantle velocity. We found that the velocity distribution indicates that mantle alteration ends shallower than the limit of serpentine stability. Water penetration appears controlled by extensional faulting and fracturing due to bending of the uppermost lithosphere. Micro-earthquakes indicate that large faults slip every 2-3 months due to bending-related stresses. In contrast, normal fault activity during teleseismic earthquakes, although reaching deeper [Lefeldt and Grevemeyer, 2008] , occurs in a region of normal mantle velocity, which indicates that it does not contribute to significant water influx possibly because it is modulated by interplate coupling and is comparatively infrequent.
Tectonic Setting
[9] Along the Middle America trench (MAT) subduction rates vary from $9 cm/a in the south off Costa Rica to $7 cm/a in the north off Mexico, with a slightly oblique subduction (10 ) northward of the Central Costa Rica Deformed Belt [DeMets, 2001] .
[10] Offshore Nicaragua, the age of the plate at the trench axis is roughly 27 Ma [Barckhausen et al., 2001] and multibeam bathymetric mapping of the incoming plate (Figure 1) shows that bendingrelated faults occur across the ocean trench slope [Ranero et al., 2003] . Heat flow data acquired on the incoming plate support a vigorous water circulation into the ocean plate in area of faulting [Grevemeyer et al., 2005] . Wide-angle seismic data at the Middle America Trench support alteration of the uppermost few km of the oceanic mantle, but do not constrain well the maximum depth that is reached by alteration Ivandic et al., 2010; van Avendonk et al., 2011] . Seismic tomographic images of the slab under Nicaragua support that the subducting upper oceanic mantle is serpentinized [Syracuse et al., 2008] . Additionally, P wave arrivals from intraslab earthquakes at 100-150 km depth show high-frequency late arrivals, which suggest a 2.5-6 km thick lowvelocity waveguide at the top of the downgoing plate [Abers et al., 2003] and is best explained by >5 wt% water in the subducted crust, which is 2-3 times higher hydration than inferred for other subduction zones.
3. Data, Analysis, and Testing [11] Data sets used in this study were obtained with a seismic network of ocean bottom seismometers (OBS) deployed in the seafloor of the Nicaragua trench (Figure 1 ). The network was installed during three months in a region where active seismic experiments had found anomalously low velocities in the uppermost mantle Ivandic et al., 2010] . [Ammon et al., 2008] . Focal mechanisms of 3 normal fault (green) and 2 thrust fault (red) events could be determined. The yellow line marks location of great circle cross section in Figure 10a . [12] To constrain the 3D P wave velocity model of crust and upper mantle under the trench, we simultaneously inverted for 3 data sets. These data sets are: (i) active-source wide-angle seismic refraction and reflection data, (ii) local (micro-)earthquakes and (iii) regional earthquakes.
Data Sets
[13] (i) Wide-angle seismic data. Three seismic wide-angle profiles were shot across the network (Figure 1 ). All OBS recorded all shots of the three profiles, thus providing 3D coverage. In total, 853 Pg-Phases, 653 PmP-Phases and 1198 Pn-Phases travel time picks were used in the inversion. [14] (ii) Local seismicity. Earthquakes occurring under or in close proximity of the seismological network were used. A description of this data set is given by Lefeldt et al. [2009] . A total of 68 local earthquakes with 722 P wave observations were used in the inversion.
[15] (iii) Regional Seismicity. These events occurred in Central America as regional seismicity, located >100 km outside of the seismological network and at depth ranges of 25-160 km (Figure 1 ). Such events arrive at the receivers at steep angles, after traversing the deep region of the oceanic plate. We used the accurate hypocenter parameters of regional earthquakes from Syracuse et al. [2008] , which occurred under on-and offshore regions of Nicaragua and Costa Rica during deployment of our network. To perform the 3D-tomographic inversion we selected a subset of 57 events which fulfilled the quality requirements that the first P wave arrival could be picked at least in 10 stations of our network with an accuracy of <100 ms.
[16] Additionally, we evaluated approximately 230 regional events with magnitudes of Mw = 4.6 to 6.0 located under Central America mainland, recorded by the permanent onshore network of the Instituto Nicaragüense de Estudios Territoriales (INETER). Offshore events recorded by INETER were not used due to the large gap in the azimuthal distribution of stations. Comparison of hypocenter parameters of Syracuse et al. [2008] and INETER data sets indicates a good agreement. A subset of 17 events from the INETER catalog, giving 513 P wave arrivals, was included in the inversion data sets.
3.2. The 3D-Tomography [17] We used the Fortran 90 software package FMTOMO [Rawlinson and Urvoy, 2006; . In FMTOMO, velocity is represented by a regular grid of points, interpolated by cubic Bsplines to define a continuum. The grid has 12 equal spaced points in north-south and in east-west direction (about 7 Â 7 km spacing). Each grid cell is refined by a factor of 7 in both, longitudinal and latitudinal direction if a source is present within this particular cell. Focal depths for all local sources calculated with a minimum 1D-velocity model show a range of 0.0 km to 17.4 km beneath seafloor, respectively 4.9 km to 22.7 km beneath sea level [Lefeldt et al., 2009] . We expected hypocenter parameters to change in the 3D inversion and hence defined a depth range of 0.0 km to 30 km for the model volume with 60 grid points at 0.5 km spacing. Since FMTOMO automatically adds a cushion of boundary nodes, the total number of grid cells is (12 + 2) * (12 + 2) * (60 + 2) = 12,152. The refined grid has a theoretical maximum of (12 + 2) * 7 * (12 + 2) * 7 * (60 + 2) = 595,448 cells, if sources were present in each cell.
[18] Next, an initial velocity model was constructed by using a P wave minimum 1D-velocity model [Lefeldt et al., 2009] hanging from the seafloor, constrained with multibeam bathymetry [Ranero et al., 2003] . [19] When solving the forward problem, FMTOMO calculates the total travel time from source to receiver for events outside of the model volume (regional events) by embedding the model volume into the ak135 travel time tables [Kennett et al., 1995] . However, the inversion process removes the mean of arrival time residuals, which leads to the use of relative arrival time residuals for regional sources throughout the inversion scheme. Relative arrivals time residuals do not constrain absolute velocities as the other two data sets, but they provide critical information to detect changes in the depth-velocity gradient. To constrain the depth of the base of the region of comparatively steep depthvelocity changes we have performed a series of squeeze tests described in detail below. [20] We noticed that the ak135 travel time tables may not be appropriate for regional events with azimuthal direction approximately perpendicular to the trench axis, because their travel times are influenced by the fast slab. We solved the forward problem by embedding the P wave velocity model from Syracuse et al. [2008] into the ak135 model. [21] A total of eight iterations of the tomographic inversion yielded a reduction of all-over RMS residuals from 196 ms to 174 ms, after which no improvement was obtained.
Robustness of Arrival Times of Regional Sources
[22] The hypocenter of local earthquakes is re-calculated during the 3D tomography inversion process, but regional sources remain at their original locations.
[23] FMTOMO incorporates regional and teleseismic sources by using relative arrival times, which depend on hypocenter location and the global velocity model, but are not sensitive to relative changes of these parameters. E.g. a change of hypocenter location changes the ray parameter for a particular station, but the relative difference in ray parameter with two nearby stations will not change significantly, provided that the distance between those two stations is small compared to the distance to the source. [24] To test the robustness of relative arrival times against changes in location of regional sources, we perturbed regional hypocenter parameters systematically in depth (AE30 km), latitude and longitude (each AE 0.2 ) to realistically account for large location uncertainties. We calculated arrival times of perturbed source locations, and the relative arrival times between stations. For each perturbation we calculated the maximum change of the relative arrival times within the network and excluded events with changes larger than AE100 ms (Figure 2 ).
A total of 47 regional events past the analysis, that excluded all sources nearer than $250 km.
Resolution and Error Estimation
[25] Accuracy of the calculation of velocity in grid cells in the model volume depends on both ray coverage and accurate travel time picks. The former is given by the active and passive source distribution, and the latter may be influenced by: (a) time errors during recording; (b) picking errors; (c) incorrect hypocenter location.
[26] Time errors might derive from inaccuracy of the recorder clocks. Clocks are set to GPS-time right before and right after deployment, and any deviation is assumed to be linear. This assumption was confirmed by the distribution of scattering of residuals, i.e., the difference between observed and calculated travel times through the final model obeys a normal distribution over time, and thus indicating that time errors are minimal. This analysis allows taking the standard deviation of the residuals as a measurement of the errors related to recording time, picking, and hypocenter uncertainty. For all stations, residuals and standard deviation are larger for microearthquakes, which are affected by all three types of errors, than for active seismic data affected only by time or picking errors (Table 1 ). , and back azimuth of 53.03
. The maximum change is <AE100 ms. Again, the event was excluded. (c) Perturbation test of a source with a focal depth of 91 km, a distance of 6.64
, and back azimuth of 101.20 . The maximum change is < AE 35 ms and thus the event remained in the data set.
[27] Resolution and uncertainty of the velocity model were estimated with a combination of tests that include (I) velocity recovery tests; (II) 'Squeezing'' tests, and (III) input-model-dependency test.
Velocity Recovery Tests
[28] Velocity recovery tests indicate where ray coverage has appropriate resolution to recover velocity layers in the upper $14 km of the mantle. We used the P wave minimum 1D-velocity model [Lefeldt et al., 2009] (Figure 3 ) and modified it to include reduced-velocity layers at different depths of the model. A forward calculation [Rawlinson and Urvoy, 2006] gave synthetic travel times for all sources of the data set. A Monte-Carlo distribution of errors was added to these travel times, which were then used as input travel times for an iterative inversion scheme that used the original P wave minimum 1D-velocity model [Lefeldt et al., 2009] as starting model. Test results show that introduced layers can be reasonably well resolved to $14 km below the Base of Crust (BOC) (Figure 4) . However, when reduced-velocity layers are not fully recovered (Figures 4d and 4f) , artificial highvelocities are generated beneath $15 km below BOC. This artifact is an effect of sampling the deeper regions only with regional seismicity, which gives information on velocity gradients rather than absolute velocity.
'Squeezing' Tests
[29] 'Squeezing' tests were used to estimate the maximum depth a velocity anomaly may extend to satisfy the data set [e.g., Allen and Tromp, 2005] . Thereby, velocity anomalies are permitted only in a certain depth range, e.g., in the crust and 2 km below. Beneath, velocities are fixed to those of an 'unaltered' upper mantle (V p ≥ 8.1 km/s). This way, the velocity anomaly is 'squeezed' into a specific area during the iteration. The velocity model that is calculated in this way can be compared to the final 3D velocity model, in which reduced mantle velocities were allowed throughout all depths by comparing RMS, variance and chi-square (| 2 ) of both models. A significantly larger RMS, variance and | 2 in the 'squeezed' velocity model indicates that the area of reduced velocities must extend deeper into the mantle to satisfy the data set. Thus, this testing strategy can be used to constrain the 'deepest velocity anomaly' required by the data.
[30] Four models were tested with an iterative inversion scheme: A first test allowing velocity changes only in crust (Figures 5a and 5b) . In a second test, the uppermost 2 km of mantle were added to the area in which velocity changes were allowed (Figures 5c and 5d) . A third (Figures 5e  and 5f ) and a forth test included the uppermost 6 and 10 km of mantle respectively (Figures 5g  and 5h) . Starting model for all tests was the P wave minimum 1D-velocity model. Results shown in Figure 5 suggest that a reduced-velocity anomaly with a depth-extension of >10 km below BOC is needed to satisfy the data set.
Statistical Velocity Uncertainty Analysis
[31] We evaluated the combined influence on the velocity model of both, errors in travel time picks and ray coverage. For this, we randomly created 80 different 1D-starting models that cover a wide range of possible P wave velocities (Figure 3 ), but with the boundary conditions that velocity increases with depths only; V p ≥ 1.56 km/s and V p = 6.5-9 km/s in the lower layer (30 to 40 km below seafloor).
[32] For each of the 80 starting models, we iterated FMTOMO eight times using the original traveltime picks. Further, we added errors to the time picks for each station: For each input data set we defined the minimum-maximum errors after Table 1 . And for each of the 80 starting models, we randomly added errors between these minimummaximum values on all travel time picks using the Monte Carlo method. . Resolution tests to determine the depth to which reduced-velocity anomalies from a starting model can be resolved with the experiment coverage. (a, c, and e) Synthetic velocity models with reduced-velocity layers at various depths were generated and synthetic travel times were determined using forward ray-tracing. Errors were added to the synthetic travel-times using a Monte-Carlo distribution. (b, d, and f) The recovered velocity models. Negative velocity values indicate reduced velocities. Red line marks Base of Crust (BOC). Synthetic model in Figure 4a introduces a reduced-velocity layer between À2.5 km and 2.5 km below BOC. The recovered model in Figure 4b indicates good resolution for this area. Synthetic model in Figure 4c introduces a reduced-velocity layer at 5 km to 8 km below BOC and recovered model in Figure 4d suggests good resolution as well, though the reduced-velocity layer is smeared between 5.5 km and 11 km below BOC, which is compensated by an artifact of a increased-velocity layer beneath. Synthetic model in Figure 4e introduces a reduced-velocity layer at 9 km to 14 km below BOC and inversion in Figure 4f recovers the model, but deeper velocities are overestimated.
[33] The final velocity models calculated from 80 different starting models with 80 different error distributions provides a statistically meaningful way to calculate the standard deviation for each grid cell, which yields the uncertainty in the velocity estimation [Tarantola, 1987] . [35] The final 3D-velocity model used for interpretation ( Figure 9 and 10) displays changes in depth, and gradient of the lower part of the lowvelocity volume that vary with distance from the trench axis. The squeeze test show that near the trench axis, the absolute velocities of the deeper portions of the anomalous mantle are not as well constrained as the shallow portions, because the deeper region is only constrained by arrivals from regional earthquakes. However, the test also show that the steep gradients mapped in the anomalousvelocity region are gradually disappear in deeper mantle regions, thus placing constrains on the location of the bottom of the area of intense mantle velocity alteration, either by fracturing or more likely a combination of fracturing and mineral transformation.
Discussion
[36] The deeper region of anomalous low velocities has been illuminated with the local and regional seismicity. Velocity uncertainty of the 3D P wave velocity model shown in Figures 9 and 10 was constrained with squeezing tests, checkerboard resolution tests, and Monte Carlo inversion. Error bounds are sufficiently well constrained to reliably define the limits of the volume of anomalous mantle velocity. The velocity uncertainty tests indicate that the inversion constrains well the location of the transition from a shallower, comparatively steeper velocity gradient with anomalously low values, to a deeper fairly constant depth-velocity profile with velocities indicating pristine mantle.
[37] Well-constrained velocities have been obtained across a volume 50 km wide perpendicular to the trench axis to 50-20 km wide parallel to the trench axis (Figure 10) , to a depth of 12-25 km (Figure 9) . The model extends 80 km perpendicular to the trench axis along one of the active-source profiles (Figure 9 ). Uppermost mantle velocity of the Cocos plate offshore Nicaragua away from the region of bending-related deformation ranges from 8.2 to 8.3 km/s [Wilson et al., 2003] . Thus, the $7.5 km/s mantle velocity mapped right under the BOC across the entire volume indicates altered mantle everywhere.
[38] The vertical cross section (Figure 9a) , and slices of the velocity model taken at a constant depth below the BOC (2.5, 6, and 10 km distance from the BOC in Figure 10) show a gradual velocity reduction in the upper 10 km of the mantle approaching the trench axis. This velocity reduction 
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Geosystems G 3 G indicates growing mantle fracturing and possibly associated hydration as the plate travels across the trench region and is increasingly deformed. To investigate the volume of anomalous mantle, we compare depth-velocity functions of the model with pristine peridotite velocity at $60, $35 and $10 km from the trench axis. The sites represent lithosphere at 0.76, 0.44 and 0.12 m.y. before subduction respectively, and differences in their velocitydepth function may be interpreted as caused by evolving mantle fracturing and associated hydration (Figures 9b-9d) . At $60 km site (Figure 9b) , velocity corresponding to pristine peridotite occurs -within error bounds-at 6-9 km below the BOC.
At $35 and $10 km sites (Figures 9c and 9d) , velocity of pristine peridotite occurs at 9-10 km below the BOC for both locations. Similarly, depth slices display a laterally constant velocity for the data volume at 10 km below the BOC (Figure 10d ) and velocity reduction toward the trench axis at shallower depths (Figures 10c and 10b) . Therefore, fracturing/hydration detectable with our experiment appears restricted to $10 km of mantle below the BOC.
[39] Although significant fracturing and associated water penetration may be restricted to the upper 10 km of mantle, velocity-depth functions differ across the area indicating variable degrees of mantle alteration. Right below the BOC the velocity is $7.5 km/s for all three sites, but deeper velocity gradients change (Figure 9 ). The $60 km site (Figure 9b ) has the steepest gradient, where velocities approach $8 km/s at $3 km below BOC and unaltered mantle at $6 km. At the $35 km site (Figure 9c) , with a gentler gradient, velocities approach $8 km/s at $7 km below BOC and pristine mantle at $9 km. The $10 km site (Figure 9d ) has an upper segment with the gentlest gradient, with velocities approaching $7.7 km/s at $7 km below BOC, followed by steep gradient to unaltered mantle velocities at $10 km. [40] We interpret the occurrence at all sites of a $7.5 km/s velocity right below BOC as indicating an upper limit in the amount of alteration in this region. If the entire velocity reduction were caused by mineral hydration, it implies a $15% of peridotite to serpentinite transformation. However, the velocity reduction may be due to the combined effect of fluid-filled fractures in fault zones and serpentinization. As the plate converges 25 km toward the trench axis (from $60 to $35 km site) deformation and water influx continue altering further the velocity of the upper $5 km kilometers of mantle, as indicated by the comparatively gentler velocity gradient at $35 km site (compare Figures 9b and 9c ). Here, a velocity reduction between 5 to 10 km depth indicates that enhanced fracturing and water transport extend down up to 10 km below BOC. Another 25 km of convergence (from $35 km to $10 km site) does not deepen further the alteration front, although increased fracturing and associated mantle hydration have Figure 1 , yellow line.) Grey areas are unconstrained. Velocities are color-coded so that yellow to green below the base of the crust (BOC) indicate partially serpentinized peridotite, reddish a transition from very slightly serpentinized to unaltered peridotite, and brown unaltered peridotite. Whitefilled black circles are projected micro-earthquakes, including focal mechanisms of 3 normal fault (blue) and 2 thrust fault (red) events. Thrusts occur where velocity indicate little mantle hydration. Black dashed lines are estimated 300 C and 500 C isotherms. Distance from the trench axis in upper axis is converted to time to subduction in lower axis with current convergence rate (80 km Myr À1 ). The 1D velocity-depth functions at (b) 10, (c) 35, and (d) 60 km from model in Figure 9a . Reddish area is velocity error bounds. Grey bars bound expected P wave velocity for peridotite.
additionally reduced velocities in the 10 km below BOC (compare Figures 9c and 9d ).
[41] Large intraplate, normal-fault earthquakes fracture deep into the mantle, what possibly leads to the creation of pathways for water to percolate and hydrate the mantle down to rupture depth [Peacock, 2001] , or alteration might be limited by serpentine stability if it is shallower than rupture depth. Estimated hypocenter depth of the centroid of large teleseismic earthquakes in the region is 15-25 km AE 10-15 km depth below Moho [Christensen and Ruff, 1988; Lefeldt and Grevemeyer, 2008] . The rupture of those normal fault events propagates downdip several kilometers from their centroid depth. Thus, large teleseismic earthquakes cut considerably deeper than the base of the volume of anomalous velocity. This observation indicates that rupture depth of large earthquakes, although may create permeability, does not relate to the depth extend of mantle alteration.
[42] A likely requirement for the occurrence of significant mantle hydration is that fractures stay open, i.e., under tension, long enough to allow pervasive deep water circulation. The stress field of Figure 9a . White-filled black circles are micro-earthquake epicenters, including focal mechanisms of 3 normal fault (blue) and 2 thrust fault (red) events. Focal mechanisms are projected and did not necessarily occur at slice depth. the ocean plate in the outer rise region is sensitive to the state of coupling of the overriding and underthrusting plates at the interface of the subduction zone. The ocean plate in the outer rise might show different response times if inter-plate coupling changes, depending on whether the strain migration to the outer rise is of dynamic, static, or viscoelastic nature [Ammon et al., 2008; Lefeldt and Grevemeyer, 2008] . Large normal-fault earthquakes are possibly related to slab-pull stresses that reach the outer rise region only when overriding and under-thrusting plates are partially uncoupled typically after inter-plate thrust events [Ammon et al., 2008] . The trench-outer rise region offshore Nicaragua has teleseismic normal-fault events about once a year, rupturing one of the 50-100 normal faults visible in bathymetry), so that each normal fault might rupture in a >$4.5 Mw event every 50-100 years ( Figure 11 ). This rupture interval seems too infrequent to promote important fracturing and plate hydration.
[43] The depth of serpentine stability might potentially control the depth of hydration [Carlson and Miller, 2003] . At the pressures encountered in the incoming oceanic lithosphere, serpentine minerals are stable to 500 C-600 C [Ulmer and Trommsdorff, 1995] . The estimated thermal structure of the plate using McKenzie et al. [2005] indicates that the 500 C isotherm occurs at $17 km below the BOC. When comparing velocity to temperature shows that the 500 C isotherm is considerably deeper than the base of the anomalous mantle velocity located 10 km below the BOC (Figure 9a ). In the calculation the temperature estimation is simplified because it does not consider the competing effects of cooling by water penetration (that would move isotherms deeper) and exothermic heat release from serpentinization. However, the considerable depth difference between the alteration front, inferred from anomalously low velocity, and the 500 C isotherm, supports that depth limit of hydration in the region is not controlled by temperature.
[44] Focal mechanisms of micro-earthquakes recorded in the network provide information on the depth distribution of local stresses during the deployment period, which was 1.5 years after the last large normal fault event in the area and 0.75 years before the subsequent one (Figure 11) , and thus it probably represent the "regular" stress state of the outer rise region between state that follows large inter-plate thrust events. Focal mechanisms, which could be determined for five micro-earthquakes [Lefeldt et al., 2009] , indicate the relationship between local stresses and mantle structure when they are projected on a cross section of the velocity model (Figure 9a ). Two thrust-fault ruptures occurred at about 10 km below the BOC, i.e., at about the lower depth limit of anomalously low velocity. In contrast, normal fault mechanisms occurred at shallower depth where low velocities and a steep gradient indicate mantle alteration. We assume that the regular state of stress of the incoming lithosphere at the trench -outer rise region is that of the inter-plate inter-seismic part of the seismic cycle, when coupling is comparatively stronger. Bending a thin ideally elastic-perfectly plastic plate [Chapple and Forsyth, 1979] would cause a transition from a tensional regime at top of the plate to a compressional stresses underneath. The transition in the Cocos Plate is marked by the change from normal-fault to thrust-fault focal mechanism with depth. Thus, the depth of significant mantle alteration detected in our experiment appears to be controlled by the depth of extensional deformation by plate bending.
[45] Although tensile cracks can be opened by fluid hydrofracturing even in a compressive setting [Sibson et al., 1988] , fluid percolation transport is controlled by fluid pressure gradient according to Darcy's law. At upper mantle depth, fluid pressure is strongly related to solid pressure [Faccenda et al., 2009] , so that fluid will not penetrate the area characterized by compression and over-pressure.
[46] During the two months deployment the network recorded $90 micro-earthquakes within a trench area about 120 x 80 km in dimensions (Figure 1 ). Multibeam bathymetry shows large trench-parallel faults that can be followed for 50-80 km, and are spaced every 2-3 km [Peacock, 2001] . Thus, the observed average seismicity of 1.5 events per day in the network area with 40-100 large, visible faults, indicates that each large fault -or a segment of them -ruptures every 1-2 months in average. Such frequent bending-related deformation possibly maintains fractures in fault zones regularly open and modulates fluid percolation into the plate.
Conclusions
[47] We have mapped in 3 dimensions and for the first time the volume of anomalously low mantle velocity of an oceanic plate at the trench. An error and uncertainty analysis has provided realistic constrains of the depth extent of anomalous mantle velocities.
[48] The depth extent of anomalous velocities is interpreted as the depth of alteration of the mantle by hydration, even though some reduction in velocity may be caused by fluid-filled open cracks of the bending-related faults that occur every 1-3 km across the trench slope.
[49] The depth correspondence of micro-earthquakes with normal fault mechanism and anomalous mantle velocity is interpreted to indicate that significant water penetration into the mantle at subduction trenches is controlled by bending stresses generating normal faulting that rupture, dilate and possibly permit water percolation on a monthly basis. Most large magnitude, deeper earthquakes on these same faults probably results from a deepening of the neutral plane by increased slab pull, but those events are about one order of magnitude less frequent and do not appear to contribute to significant water influx or fracturing that could unambiguously be detected with our experiment.
[50] Last, an upper limit for the water content in the oceanic plate offshore Nicaragua can be estimated by assuming that all the alteration detected with seismic methods is caused by mantle serpentinization, and that fracture effect on velocity at mantle depths is negligible: Using the formula by Carlson and Miller [2003] , the average velocity for the upper 10 km of the mantle (Figure 9a) gives a serpentinization of $10% or 1.2 wt% chemically bound water. This is equivalent to a water column of 375 m that is subducted in the upper mantle alone.
